A model based on physical principles was developed for describing the polishing of patterns on a wafer using fixed abrasives. The model correctly predicts important experimentally observed features, namely, the sharp increase of the polish rate with decreasing pattern density at low pattern densities, and the gentle approach to blanket polish rates as the pattern density approaches unity. Chemical mechanical polishing ͑CMP͒ has been established as an important enabling technology in the semiconductor industry. It is used routinely for planarizing a variety of films. A review of modeling efforts in CMP in the semiconductor field up to approximately 1995 is given by Nanz and Camilletti, 1 and a review of CMP in the context of glass polishing is provided by Cook.
Chemical mechanical polishing ͑CMP͒ has been established as an important enabling technology in the semiconductor industry. It is used routinely for planarizing a variety of films. A review of modeling efforts in CMP in the semiconductor field up to approximately 1995 is given by Nanz and Camilletti, 1 and a review of CMP in the context of glass polishing is provided by Cook. 2 In a typical CMP tool, a wafer with an uneven film deposited on it is held on a polishing head, and relative motion occurs between the surface of the wafer and the surface of a polishing pad in the presence of a liquid containing colloidal abrasive particles. The liquid also contains chemicals that soften the surface of the wafer for removal by the abrasives. After a period of polishing in this manner, the features on the wafer surface are planarized. A variety of polishing tools exist for performing CMP.
In recent years, a new type of polishing process has come into use in which the abrasive is embedded in pillars on a polymer pad surface. In this case, the liquid is simply a chemical solution and contains no added particles. This fixed abrasive process is currently being used for polishing oxide patterns in shallow trench isolation ͑STI͒ as noted by Gagliardi and Vo 3 and Lee et al. 4 Whereas conventional CMP of patterned wafers has been modeled in Ref. 5-8, no physically based models are currently available for predicting the rate of step height reduction when a fixed abrasive pad is used. As noted by Lee et al. , 4 conventional models are unable to predict the large reduction in polish rate when the pattern density becomes unity, i.e., when the situation becomes one of polishing a blanket wafer; also such models do not predict the observed steep dependence of the polish rate on the pattern density at low pattern densities. Our objective is to present a model of fixed abrasive CMP based on physical principles that correctly predicts the behavior in both limiting situations in a natural way. The model permits the user to calculate the rate of step height reduction on a patterned wafer, given certain measurable geometrical input parameters, and two additional parameters based on physical and chemical features of the system that can be fitted to experimental data in the absence of fundamental information about these features. We restrict the model to the planarization that occurs when a patterned wafer is polished by a fixed abrasive pad or roll containing pillars with embedded abrasives. From hereon, we generically refer to the fixed abrasive system as a pad, even though in STI applications, a roll-to-roll format is used. 3, 4 We assume that a chemical solution free of suspended abrasives is used for polishing. This is typically an alkali in the case of oxide polishing. For example, Gagliardi and Vo 3 use a solution of potassium hydroxide at a pH of 12.0.
Model Formulation and Solution
Our approach is to describe the removal of material from an individual step of initial height z 0 . The height of the step at any value of time t is z(t). The following assumptions are made in formulating the model. 1. The concentration of the softening chemical in the liquid C is constant in the fresh liquid entering the region between the wafer and the pad. This is the prevailing concentration in the liquid that exists in the region between the pillars on the pad and in the space between adjacent steps when a given series of steps begins its journey over a pillar containing abrasives. From that point, until the step leaves the surface of the pillar, there is no access to new chemical supply. After the step leaves the pillar, the region between that step and neighboring steps is replenished with fresh chemical before the step begins its journey over the next pillar. 2. The removal of material occurs principally because a surface layer is softened and abraded away. Attack of the oxide by the chemical when the step traverses liquid present in the space between the pillars is neglected. Abrasion is a necessary ingredient for exposing fresh surface for softening and acts in conjunction with the softening action of the chemical in removing material. We further assume that the rate of removal is limited by the fact that only a certain amount of chemical substance is available to a step for softening its top when it rides over the abrasives present on a pillar. This is the chemical present in the liquid in the region in the vicinity of the step. Pressure does not play a direct role in determining the removal rate in the present model. It would be possible to include pressure effects by an empirical approach, using the Preston equation, 9 in a future modification of the model. 3. The steps are assumed to be identical locally in the vicinity of the step under consideration. A sketch of the system is provided in Fig.  1 , in which a repeating unit cell is identified. The lateral extent of a step is L 1 and the space between adjacent steps is L 2 . The width of the steps in the direction normal to the plane of the figure is W units. The relative motion between the step and the pillar is assumed to occur in the x-direction in the sketch. The pattern density can be defined as terial from the recessed regions or the sides of a step. The down area polish rate is assumed to be zero. This is consistent with experimental observations reported by Gagliardi and Vo. 3 The calculation of the removal rate proceeds as follows. Let the volume of material softened and removed during the traverse of a step over the pillar be proportional to the amount of chemical substance available for performing the softening while abrasion occurs, and set it equal to KЈM where KЈ is a proportionality constant and M is the mass of the chemical used. We assume that the main mechanism for the use of the chemical is to soften the top of a step. In other words, even though some chemical will be used to soften the remaining surfaces such as the bottom of the recess and the sidewalls, such softening is assumed negligible because no abrasive removal occurs on those surfaces. If the features are of a typical length scale 0.2 m, the time scale for diffusion of the chemical over a distance of the order of 0.2 m is of the order of 40 s, using a diffusivity of 10 Ϫ9 m 2 /s. At a relative velocity of 0.5 m/s, the feature would travel ϳ20 m in this time period. The typical diameter of a pillar on a fixed abrasive pad is of the order of 200 m, so that it is safe to assume that the entire chemical content of the liquid volume in the neighboring recesses is available to achieve softening and removal of material from the top surface of the step, provided the kinetics of the softening process is rapid enough to accept all the chemical. When the feature length scale exceeds ϳ0.45 m, diffusion time over that length scale would become comparable to the traverse time of the feature over a pillar. Convective transport of the chemical solute within the recess is likely to help make it more easily accessible to the top of a step than by diffusion alone, and will need to be accommodated in models for feature length scales larger than approximately 0.5 m.
The main idea here is that all the chemical available to a step is used up during the time it takes to traverse a pillar. In the repeating unit cell in Fig. 1 , the chemical available to a step is contained in the two symmetric half-recess regions on either side of that step and in the gap between the unit cell and the mean pillar surface. The mass
where W and C have been defined earlier, and is the gap between the top of a step and the mean pillar surface, and is expected to be some small fraction of the size of an abrasive particle. Because the area of the top of a step is WL 1 , we can now obtain an expression for the thickness at the top of the step that is removed by the combined softening and abrasive action. It is
This is removed in a time ⌬t ϭ D/V, where D is the mean distance traveled by a step from the beginning of one pillar to the beginning of the next and V is the relative velocity between the wafer and the pad. Defining K ϭ KЈCV/D, and replacing the finite difference ratio ⌬z/⌬t with the negative of the rate of change of the step height with time, the following differential equation is obtained for the removal rate
Integration of Eq. 3 using an initial condition on z(t), namely
where z 0 is the initial step height, yields a result for the dependence of the step height on time.
for the variation of the step height with time is the principal result from this work. From this equation, the following result can be obtained for the time t c to clear a step of height z 0
From the perspective of modeling a series of experiments, it is seen that the model contains the pattern density and the initial step height z 0 that are known for a specified pattern, and the length and the parameter K ͑with dimensions of inverse time͒ that must be determined from experiment. Before discussing the predictions from the model, some limiting cases are established.
Maximum and minimum removal rates.-For small values of the pattern density , Eq. 3 for the rate of removal of material from the top of a step is approximated by
When the pattern density is small, plenty of chemical is available for transport to the step to soften it as material is being removed. Therefore, one can envision this limiting result to be the theoretical maximum rate at which the step height can be reduced, subject to the assumptions made in model development. Note that the predicted rate becomes unbounded as → 0. In practice this will not happen because, for a small pattern density, the length of a step is small compared to that of the recessed region next to it, and not all the chemical in that region will become accessible to the top of the step. Also, there will be kinetic limitations imposed by the removal process itself that are not accommodated in the present model. Lee et al. 4 display a drawing showing a substantial increase in the average removal rate of a step as the pattern density is reduced, which is qualitatively consistent with the predictions from the present model.
In the opposite limiting situation, namely, that of the pattern density approaching a value of unity, the length of a step is large compared to the distance between steps, and the amount of chemical available for softening a step when it rides over a pillar is limited. As → 1, the removal rate should approach that of a blanket wafer. In this situation, a limiting result can be obtained from Eq. 3 as
Results and Discussion
In this section, some results from the model are calculated and presented in graphical form. The step height as a function of time, given in Eq. 5, is relatively simple to calculate using a hand calculator or a spreadsheet program so that the user can obtain predictions from the model relatively easily. Therefore, we only display an illustrative set of results that show the important qualitative features of the predictions. First, we discuss the rationale used for choosing the parameters for the illustration.
As noted earlier, in addition to measurable parameters and z 0 that can be considered known for a given patterned wafer, the model also contains parameters and K that must be specified. The product of these two parameters is the blanket polishing rate as seen from Eq. 8. Therefore, using the blanket polishing rate, we can express in terms of K, and from the expression in Eq. 6 for the time taken to completely remove a step for a given value of the pattern density , establish the value of K.
Gagliardi and Vo
3 report results from an experimental study of the polishing of high density plasma ͑HDP͒ oxide patterns prepared using the MIT 961 test mask with a fixed abrasive pad and a solution of potassium hydroxide at a pH of 12.0 in an Obsidian ͑now Applied Materials͒ polisher. In this tool, the pad is on a roll, and is held fixed while the wafer is moved over it in the presence of the liquid to achieve polishing. Gagliardi and Vo report that for an initial step height z 0 ϭ 0.47 m, and a pattern density ϭ 0.5, the step height was reduced to zero after ϳ75 s of polishing, for four different values of the pitch. They also state that in the same experiments, the blanket polishing rate was approximately 100 Å/min or 1.67 ϫ 10 Ϫ10 m/s. Using these two results, we have estimated K Ϸ 0.0591 s Ϫ1 and Ϸ 2.83 nm. We recognize that the feature length scale in these experiments, which varied from 25-250 m, is outside the region of validity of the present model; because of the assumption of fast diffusion of chemical from the recessed regions to the top of a step being polished while it rides over a pillar, the model is strictly applicable to feature sizes less than approximately 0.5 m. However, in the absence of other experimental information, we have decided to use these estimates of K and for illustration purposes instead of choosing values without any reference to observed removal rates.
In Fig. 2 , we display the calculated step height as a function of time for an initial step height of 0.47 m for a range of values of the pattern density. For clarity in presenting the results, the curves for pattern density lying in the interval 0.1 to 0.5 are shown in Fig. 2a , whereas those for у 0.5 are included in Fig. 2b . The trend is qualitatively the same as that observed by Gagliardi and Vo; 3 however, the polish times for complete removal of the step are spread out over a wider range than in their experiments. The reason for the differences is likely the following. For a feature size of 25-250 m, the convective diffusion process will bring more chemical to the top of a step than pure diffusion alone, but this amount is still likely to be substantially smaller than the total amount of chemical present in the entire recessed region accessible to a given step, as assumed in the present model. The result will be a moderation of the strong effect of the pattern density that is predicted by the present model. In spite of this limitation, it is encouraging to note that the basic behavior observed by Gagliardi and Vo, 3 namely, that the time to clear a step increases with increasing pattern density, is qualitatively captured by the model.
In Fig. 3 , we show the average rate of reduction of step height for the same K and values as a function of the pattern density . This is obtained by dividing the initial height of a step by the time to clear that step, calculated from Eq. 6. The parameters used are the same as those in Fig. 2 . The behavior displayed in Fig. 3 parallels the trend of the experimentally observed rates reported in Lee et al. 4 
Conclusions
A simple model based on physical principles is presented here to explain the pattern dependence of the polish rate of a step in the fixed abrasive polishing process. The model successfully captures both the steep increase of the removal rate with decreasing pattern density, and the gentle approach to a very small removal rate as the pattern density approaches unity. Also, the model predicts that the step height variation with time is independent of the pitch, consistent with experimental observations. Because of the assumption of rapid diffusive transport of the softening chemical to the top of a step, the model is strictly applicable only to submicrometer feature length scales. As a cautionary note, we add that the model should not be interpreted too literally. If we use an average relative speed of 0.5 m/s in the experiments of Gagliardi and Vo 3 ͑they report three different speeds in the article͒, and assume pillars 200 m in diam ͑as noted by the authors͒ and 200 m pitch ͑estimated by us͒ on the pad, we find that a step was removed after it traversed over ϳ93,750 pillars. Interpreted rigidly, this implies that ϳ0.005 nm should be removed during passage over a single pillar. Of course, this is much smaller than an atomic dimension. Therefore, the real scenario is likely not one of a continuous and smooth process, but a discontinuous one where a surface layer of atoms reacts to form a softened layer during passage over several pillars and the intervening space between them, and the abrasives remove the softened material so that the newly exposed surface can be softened again.
The model presented here can be improved in several directions. For instance, the convective diffusion of the chemical solute in the recessed areas must be properly accommodated by solving the governing partial differential equations of conservation of momentum, total mass, and species, along with the associated boundary conditions, to provide a more accurate prediction of the amount of the chemical solute that is available to the top of a step as it is being polished. This would permit the model to be extended to feature sizes larger than a fraction of a micrometer. Also, the kinetics of the surface process must be better understood and incorporated into the model to obtain more accurate and realistic predictions. The effects of the applied pressure must be accommodated, even if it is only possible to do so by the use of an empirical approach. Efforts are under way by Appat 10 to extend the model in these directions.
